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Abstract 
A thermally-assisted piercing (TAP) process has been investigated as an 
alternative to current methods of machining holes in thermoplastic composites. 
The spike force/displacement responses during piercing were affected by both 
the processing temperature and the size of the heated area, as were the 
resultant microstructure and subsequent mechanical performance. Overall, the 
results suggest that for advanced manufacturing of thermoplastic composites, 
good tensile and compressive open-hole properties are produced in the TAP 
process when using small heated areas and higher temperatures. 
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Main Text 
 Introduction 1
Significant advantages can be gained by using fiber reinforced polymers 
(FRPs), but one of the key barriers preventing the uptake of FRPs in some 
industry sectors is the complexity and cost of manufacturing and processing, 
including such processes as machining holes. Conventional drilling is most 
favoured in industry as a relatively inexpensive method of machining holes 
(when compared to laser or water-jet machining) and can be used on large, 
non-flat, structures without significant complications. If drilling parameters are 
not carefully selected and controlled, however, then delaminations can result 
from the drilling process, potentially reducing mechanical performance.1-3 
 
As an alternative to material removal processes such as drilling, material 
displacement processes (e.g. moulding-in holes) can be used, where significant 
increases in tensile strength have been found and are a consequence of fiber 
continuity and local increases in fiber volume fraction close to the hole.4-6 
Compression properties of moulded-hole specimens tend to show increased 
ultimate compression strengths (when compared with drilled hole specimens), 
but not to the same extent as tensile strength increases.7,8 It is well known that 
fiber misalignment plays a role in compression strength9 and it may be that the 
compressive strength of notched specimens could, therefore, be sensitive to 
local fiber waviness and misalignments resulting from material displacement 
processes. This will reduce the strengthening effects associated with fiber 
continuity and increased fiber volume fraction.  Bearing strengths can also be 
improved for moulded-in hole specimens.4,10 The disadvantage of this approach 
is that moulded-in holes are labour intensive and often not commercially viable 
for large scale production, despite the improvement in performance offered. 
 
With the recent revival of interest in thermoplastic composites, the issue of rapid 
production of holes may be solved using a thermally-assisted piercing (TAP) 
process.  This, like moulded-in holes, is a material displacement process that 
can be used to form holes in thermoplastic composites at various stages of 
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manufacture or subsequent processing.11 A number of studies have shown that 
an improvement in bearing strength of 5% can be achieved for pierced 
specimens when compared with drilled specimens.10-14 The aim of the present 
study is to investigate how the open-hole performance of pierced specimens 
varies when changing two of the key process parameters, size of heated area 
and piercing temperature.  
 
 Experimental methods 2
2.1 Specimen manufacture 
Twenty-one ply laminates of carbon fiber reinforced polyetheretherketone 
(PEEK) (Tenax® TPUD PEEK-HTS40, with a nominal fiber volume fraction of 
0.59) pre-impregnated unidirectional tape has been used with the configuration 
[(0/90)5 / 0]s. The laminates were pressed at 400 °C under a conso lidation 
pressure of 0.91 MPa, based on material supplier recommendations. The 
pressure was applied for one minute per ply (21 minutes for the laminate) 
before deactivating the heat input and allowing the laminate to cool under the 
consolidation pressure to room temperature, at an approximate cooling rate of 
1.7 °C/min. This produced a laminate thickness of a pproximately 2.9 mm 
(measured after manufacture). 
 
Specimens to be tested with drilled holes were cut to size before drilling (the 
specimen dimensions are shown in Table 1). Holes were first drilled to 5.7 mm 
diameter before being reamed to a final diameter of 6.0 mm to ensure minimal 
damage to the specimens. The feed rate and drill speed were set within the 
manufacturer’s guidelines (0.2 – 0.4 mm/revolution and 45 – 90 m/minute, 
respectively). A solid carbide drill and reamer were used to machine the holes 
to ensure minimal wear on the tooling. For the TAP specimens, the laminates 
were pierced before machining the specimens to the final dimensions to ensure 
that the heating area did not fall outside of the specimen width. The thermally-
assisted piercing was achieved using a piercing rig manufactured at TWI with 
flexibility to modify process variables prior to piercing (see Fig. 1). The 
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equipment used pneumatic actuators to clamp the laminate throughout the 
process and, once the laminate was sufficiently heated, to drive a 6 mm 
diameter conical piercing spike through the laminate. The spike was driven 
pneumatically under constant pressure and was instrumented with a load cell 
and displacement sensor to record the force/displacement response during 
piercing. 
 
The piercing process for all variable settings relies on four key stages: (a) initial 
rig heat-up; (b) clamped laminate heating; (c) piercing and (d) cool down (see 
Fig. 2). The set-up follows a similar configuration to that used in preliminary 
testing, presented previously by the authors,15 but now with a greater degree of 
control. The heated area is varied by attaching tooling surfaces that conduct the 
heat from the heater units. The tooling surfaces vary in diameter according to 
the size of the heated area required and incorporate a recess (approximately 
500 µm deep and with a diameter of 12 mm) into which the material from the 
hole is displaced. An insulating surface was integrated into the design to 
partially mask the heater units for tests that required heated areas smaller than 
the size of the heater units. A final insulating ring was placed around the heater 
units that provided a constant overall clamping area for all tests. During the TAP 
process the total volume of material associated with the production of a 6 mm 
diameter hole in a 2.9 mm thick plate is approximately 82 mm3, which is the 
volume of material displaced during piercing. The recess volume in the tooling 
was approximately 42 mm3 (approximately one half of the hole volume). The 
remaining material, not formed into the recess, is extruded through the tooling 
during piercing (Fig. 3). Some of this material is sheared off due to the 
interaction between the spike and the tooling hole and the remainder is 
removed by polishing prior to testing. Where the tooling holes are present, 
allowing the spike to penetrate the specimen, the laminate is likely to expand 
and may even delaminate. This was not possible to observe, however, due to 
the clamping jigs surrounding this region. It is assumed that the clamping jigs 
prevent any through thickness expansion in the surrounding material during 
heating and piercing. 
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Baseline conditions used for piercing were similar to the original laminate 
manufacturing conditions. The variations of TAP process parameters used are 
shown in Table 2. The diameter of the heated area was increased from a 
minimum value D to 1.5D and finally 2D. A starting temperature for piercing T 
was increased to 1.05T and finally 1.20T. The spike geometry used for testing 
was a conical tipped cylinder with an internal spike angle of 30°, as used in the 
initial study.15 The clamping pressure used P was similar to the manufacturing 
guidelines for the parent laminate.  
 
2.2 Test methods 
Testing was conducted to confirm the size of the heated zone during the 
piercing process using a laminate manufactured using the same material and 
the same lay-up as the final test specimens. Thermocouples were embedded at 
various distances from the center of the heated area and in the center of the 
laminate thickness (between the 11th and 12th plies). An additional 
thermocouple was placed at approximately one quarter of the thickness of the 
laminate (i.e. between the 16th and 17th plies), again at the center of the heated 
area. 
 
Open-hole tension and compression testing followed ASTM 5766/D5766M/11 
and BS ISO 12817:2013, respectively.16,17 Nominal specimen dimensions are 
shown in Table 1. Specimens were centrally drilled or pierced to produce 6 mm 
holes and a constant displacement rate of 1 mm/min was applied until ultimate 
failure. Five specimens were tested for each test condition.  
 
Tested specimens were analyzed using a combination of reflected light 
microscopy of specimen cross-sections and digital image correlation (DIC) 
measurements during the tests, which have been used in previous work on the 
effect of holes.18-21 The GOM – ARAMIS 3-dimensional DIC system used 
consisted of two cameras (controlled by the ARAMIS software) and was set to 
calculate the strain data at approximately 1 mm intervals across the surface of 
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the specimens. The DIC analysis was conducted using facet settings of 19 x 19 
pixels with 2 pixel overlap. These settings are within the mid-values of the 
system and allow for good accuracy and fast computation.22 The DIC analysis 
was conducted during mechanical testing of pierced specimens of A3 type (see 
Table 2), and conventionally drilled specimens, under both tension and 
compression loading.   
 
 Results and discussion 3
3.1 Investigation of the temperature distribution prior to piercing 
The embedded thermocouples enabled the radial and through-thickness 
temperature distributions to be ascertained. Fig. 4a shows the measured radial 
temperature distributions for the target piercing temperature of 1.05T, for the 
different heated diameters of D, 1.5D and 2D. In each case, the temperatures 
are approximately equal to 1.05T at the center of the heating area and are 
initially constant until they decrease to the melting temperature Tm at the edge 
of the required heated area (corresponding to the different diameters). The time 
to reach these temperatures was 40 s in all cases, and this was repeated for all 
tests using these processing conditions. Fig. 4b shows the temperature profiles 
for the target piercing temperatures of T, 1.05T and 1.20T. The temperature 
profiles are approximately constant before decreasing to Tm at the edge of the 
heated area. All processing temperatures remained below the degradation 
temperature of the polymer so that no degradation is expected for any of the 
processing times.  
 
3.2 Piercing spike force/displacement response for varying diameter 
of heated area and varying process temperatures 
Fig. 5a – c show three examples of the spike force/displacement response for 
the three heated area diameters D, 1.5D and 2D with a processing temperature 
of 1.05T; Fig. 5d shows a comparison of typical results for each diameter. The 
force/displacement responses of the spike when piercing show similar features 
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for the three diameters and the key piercing stages have been identified 
previously by considering the projected contact area of a conical spike as it 
pierces a laminate.15 The same start point for the origin of the spike position is 
used as for the previous work (i.e. when the spike makes contact with the 
laminate). The resistive force initially increases and reaches a maximum at 
approximately 11 mm spike displacement (equal to the conical spike tip length) 
for all diameters of heated area. There is a subsequent reduction in the force 
before a ‘knee’ is observed and the force either briefly increases or remains 
constant. The knee feature was not captured in previous work,15 but is captured 
here due to the improved test rig and data logging rate (1 kHz). The knee is 
most prominent for the smallest heated area diameter D and reduces with 
increasing heated area. The knee occurs, for the three diameters, at a 
displacement of approximately 14 – 15 mm, which corresponds to the 
displacement at which the shoulder of the spike exits from the bottom of the 
laminate. The force on the spike subsequently reduces and approaches a 
steady value due to frictional sliding of the spike shaft on the hole wall (steps in 
the data are likely to be caused by a ‘stick-slip’ effect). The knee in the 
force/displacement curve is likely to be caused by the final compaction of 
material into the tooling surface recess and subsequent extrusion of material 
through the bottom of the tooling. Increasing the diameter of the heated area 
increases the total heated volume into which fibers can be displaced and 
compacted and reduces the local fiber packing; this is shown schematically in 
Fig. 6. With the fibers less tightly packed (i.e. for a larger heated area), the 
resistance to further compaction and extrusion will decrease, thus reducing the 
knee in the force/displacement curve.  
 
Three examples of the force/displacement data measured for varying process 
temperatures T, 1.05T and 1.20T, for a heated diameter of 2D, are shown in 
Fig. 7a – c; Fig. 6d shows typical examples for comparison. The data show the 
same piercing stages as those observed for varying diameter of heated area. 
As the processing temperature increases, the maximum resistive force on the 
spike reduces and the knee feature reduces in magnitude. Similar ‘stick-slip’ 
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features to those seen for change in heated area are also shown for the final 
frictional sliding stage of piercing.  The reduction in the maximum spike force 
with increasing temperature is likely to be related to the reduction in viscosity of 
the matrix, which allowed the fibers to be displaced more easily, and the 
increase in mobility of the matrix. The knee feature also reduced with increasing 
temperature as the matrix provided less resistance to the extrusion process at 
the end of piercing.   
 
3.2 TAP microstructure 
The changes in fiber architecture as a consequence of drilling and TAP are 
shown schematically in Fig. 8a and b; the planes marked 0° and 90° in Fig. 8 a 
are parallel and perpendicular to the loading direction of the specimens, 
respectively. Reflected light photomicrographs of drilled specimens, for 0° and 
90° planes (Fig. 9 a and b respectively) show, as expected, that the fiber 
orientations remain unaltered up to the edge of the drilled hole, which is on the 
right hand side of the images. Fig. 9c and d show the architecture observed for 
a TAP specimen sectioned along the 0° and 90° plane s (again, the edge of the 
pierced hole is on the right of the images). Significant 0° and 90° ply distortions 
are evident and the plies have clearly been displaced through the thickness of 
the laminate, in the piercing direction. In the 0° plane cross-section, the 0° plies 
were found to reduce significantly in thickness towards the hole edge. This was 
coupled with a local thickening of the 90° plies to  fill the volume. Similarly, a 90° 
plane cross-section shows the 90° plies thinning at  the hole edge – this time 
with a local thickening of the 0° plies (Fig. 9 d). 
 
Two mechanisms, shown schematically in Fig. 10, are causing the observed 
microstructure. Firstly, the 0° fibers are displace d from their original position at 
the center of the hole (location 1 in Fig. 10). These fibers are bunched and 
compressed against the edge of the spike and the fiber volume fraction 
increases as the spike displaces more material (location 2 in Fig. 10). The 
increased volume of fibers building up at the edge of the spike at location 2 is 
complemented by a reduction in material at location 3. Secondly, at location 3 
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the 0° ply fibers are displaced in both the x and z  directions. For the current 
case, a cross-ply laminate, the reduction of material in one location in the 0° 
plies is complemented by the build-up of material in the 90° plies in the same x-
y location. This results in the architecture observed, thinning and thickening of 
alternate plies near the hole edge. 
 
In addition to local effects throughout the laminate, the overall thickness of the 
region close to the hole increases to accommodate the displaced material (as 
can be seen in Fig. 9). A recess in the tooling jig allowed for the additional 
material to form a local thickness increase around the hole. Both fibers and 
matrix are displaced into the recess and the resultant microstructure is similar to 
that found in the adjacent material (as shown in Fig. 9c and d). The fibres within 
this region are likely to be discontinuous as a result of the shearing of the 
material extruded into the tooling hole. In commercial applications, the 
dimensions of this recess could be altered as required e.g. countersunk or 
hemispherical in geometry. In later sections, the calculated strengths for open-
hole tests have used the nominal dimensions of the specimens, neglecting this 
local thickness increase. 
 
The resultant fiber architecture of the pierced laminates, exposed through 0° 
cross-sections, is shown to change when varying the heated area (Fig. 11a – c) 
and the processing temperature (Fig. 12a – c). Displacement of fibers from 
some regions and compaction into other regions produced resin rich areas, high 
fiber volume fraction areas and, in some cases, voids where neither fibers nor 
matrix remained after piercing. Increasing the heated area appears to increase 
the formation of resin rich regions and voids within the laminate structure 
(Fig. 11a – c), which can be associated with a decrease in fiber volume fraction 
near the hole. The resin rich regions and voids were caused by the 
displacement of fibers from these regions, not by an increase in laminate 
thickness. This agrees with the instrumented spike data, which suggested a 
reduction in fiber packing (showed by a decrease in the resistive force at the 
knee when piercing). 
 11 
 
Increasing the ease of movement, or mobility, of the fibers at high processing 
temperatures leads to larger fiber displacement and reduced fiber fracture, 
whereas restricted fiber movement at low processing temperatures increased 
the local strain and led to more fiber fractures. Fig. 13 shows an area close to 
the hole edge for a processing temperature of 400 °C where fractured fibers 
were revealed by burning away the matrix. A simplified calculation of the fiber 
elongation due to in-plane displacement was carried out by approximating the 
shape of the fiber to that of a beam in bending. The total fiber strains due to 
displacement are shown in Table 3 for the three diameters of heated area and 
confirm that fiber fractures are most likely for the smallest heated area for which 
the calculated fiber strain is highest. The actual displacement of fibers, which 
will be both in-plane and out-of-plane, will lead to larger fiber strains than those 
calculated. The following sections present data on the mechanical behaviour of 
the drilled and pierced specimens.  
 
3.3 Open-hole tension and compression results  
Fig. 14 shows typical force/displacement responses for drilled and pierced 
specimens under tensile loading. The responses suggest that the overall 
stiffness of drilled and pierced specimens were very similar before final 
catastrophic failure occurred.  
 
The open-hole tensile strength improvements for the TAP process compared to 
drilled specimens are shown in Fig. 15 for the heated diameters D, 1.5D and 2D 
and one process temperature 1.05T, and for three process temperatures T, 
1.05T and 1.20T and one heated diameter 2D. The open-hole tensile strength 
increased by between 1% and 10% for pierced specimens when compared with 
drilled specimens. With regard to temperature, the lowest processing 
temperature T shows a pierced specimen strength with a 6% improvement over 
the drilled strength, reducing to a strength improvement of 1% at 1.05T, and 
increasing to a 10% improvement at 1.20T. The reduction in strength will be 
caused by the reduction in fiber volume fraction around the hole with increasing 
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void content and the development of resin rich regions. A change in dominant 
effects is then suggested to occur with increasing temperature where the 
reduction in fibre fractures, due to increased fiber mobility, offsets any reduction 
in strength due to a reduction in the fibre volume fraction. This results in the 
increase in open-hole tensile strength shown for the highest processing 
temperature. 
 
Fig. 16 shows a similar force/displacement response for the compression tests 
where the stiffness of the drilled and TAP specimens remained approximately 
the same under compression testing up to catastrophic failure. Fig. 17 shows 
the open-hole compressive strength of pierced specimens compared to drilled 
specimens; there is a 12% improvement for a heated area diameter of D 
(compared to drilled specimens), falling to an improvement of 4% for 1.5D. 
However, for a heated area of 2D, the compression strength of the pierced 
specimens reduced to 79% of the drilled hole strength. The effect of varying the 
processing temperature on the compressive strength of the pierced specimens 
is also shown in Fig. 17 for a diameter of 2D; the strength of the TAP specimens 
increased from 73% to 81% of the drilled specimens as the temperature 
increased from T to 1.20T. 
 
The general effect of fiber removal (drilling), or fiber displacement (TAP 
process) on the strains local to the hole are shown in Fig.18a and b for tension 
and compression, respectively. These figures show the longitudinal strain (i.e. 
the y-direction strain) measured using DIC for drilled and pierced specimens, 
respectively, at 50% of their failure loads along a horizontal line from the center 
of the hole to the edge of the specimen. For both tension and compression 
loading, the drilled specimens show an increased longitudinal strain near the 
hole edge, reflecting the effect of the strain concentration at the hole, as found 
in previous studies.20,21 For the TAP specimen, fiber continuity around the hole 
(shown schematically in Fig. 10) reduces the stress concentration. However, 
additional microstructural effects also occur during the TAP process which lead 
to complex dependencies on heated area and TAP temperature.  
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Increasing the diameter of the heated area and processing temperature are 
both likely to lead to the increased development of voids and resin rich regions, 
with a reduction in the local fiber volume fraction adjacent to the hole, but also a 
reduction in the number of fiber fractures as a consequence of the TAP 
process. In addition, increased resin and fiber mobility can lead to fiber 
misalignment and fiber waviness. A summary of the expected changes in the 
microstructural features is shown schematically in Table 4 for increasing 
diameter of heated area and increasing processing temperature; the anticipated 
effect of these changes on the open-hole tension and compression strengths is 
also indicated. Overall, the experimental results suggest that for manufacturing 
purposes, if both good tensile and compressive open-hole properties are to be 
retained, the best TAP combination is the smallest diameter and the highest 
temperature. 
 
 Conclusions 4
A TAP technique was used to form holes in thermoplastic composites to 
establish the effect of changing process conditions on the open-hole 
performance. The results show a complex interaction of the effect of heated 
area and processing temperature on open-hole tension and compression 
results. Overall, the results show that for advanced manufacturing of 
thermoplastic composites, good tensile and compressive open-hole properties 
are produced when using small heated areas and higher temperatures. 
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Figure Captions 
1 Photograph of thermally-assisted piercing (TAP) rig. Copyright TWI Ltd 
 
a Initial rig heat-up; b clamped laminate heating; c piercing; d cool down. 
2 Schematic diagram of the 4 key piercing process stages. Copyright TWI 
Ltd  
 
3 Schematic diagram showing material extrusion into the tooling hole 
during piercing. Copyright TWI Ltd 
 
a Temperature profiles of heated laminate for D, 1.5D and 2D heated area 
diameters; b Temperature profile of heated laminate for T, 1.05T and 1.20T 
processing temperatures.  
4 Temperature profiles of laminate with embedded thermocouples for all 
tested heating conditions. 
 
a Three repeated data sets for D; b Three repeated data sets for 1.5D; c Three 
repeated data sets for 2D; d Representative typical data sets for comparison.  
5 Force/displacement response of piercing spike during TAP for varying 
diameter of heated area at temperature 1.05T. 
 
6 Schematic illustration of the reduction in local fiber volume fraction that 
results from fiber rearrangement and packing into a larger heated volume 
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(assuming a constant volume fraction gradient between the hole edge and 
heated area edge). Copyright TWI Ltd 
 
a Three repeated data sets for T; b Three repeated data sets for 1.05T; c Three 
repeated data sets for 1.20T; d Representative typical data sets for comparison.  
7 Force/displacement response of piercing spike during TAP for varying 
process temperature for heated diameter 2D.  
 
a For drilled specimens (with 0° and 90° section cut s shown); b For pierced 
specimens. 
8 Schematic diagram of the resultant fiber architecture. Copyright TWI Ltd 
 
a Drilled specimen showing the 0° section cut; b Drilled specimen showing the 
90° section cut; c Pierced specimen showing the 0° section cut; d Pierced 
specimen showing the 90° section cut. 
9 Optical microscopy images of sectioned specimens after the drilling or 
TAP process (hole surface on the right hand side). Copyright TWI Ltd 
 
10 Schematic diagram of different stages of TAP process showing 
displacements in the x-y and y-z planes. Copyright TWI Ltd 
 
a Heated area diameter D; b Heated area diameter 1.5D; c Heated area 
diameter 2D. 
4 Reflected light photomicrographs of 90° cross-sec tions through pierced 
specimens for varying diameter of heated area at temperature 1.05T. 
Copyright TWI Ltd 
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a Temperature of T; b Temperature of 1.05T; c Temperature of 1.20T. 
5 Reflected light photomicrographs of 90° cross-sec tions through pierced 
specimens for varying process temperature for heated diameter 2D. 
Copyright TWI Ltd 
 
6 Fractured fibres close to the hole edge as a result of piercing (exposed 
by burning off the PEEK resin). Copyright TWI Ltd 
 
7 Typical applied force against cross head displacement response for 
drilled and pierced specimens under tensile loading. 
 
8 Open-hole tensile strengths of pierced specimens as a percentage of 
drilled specimen strength showing effects of the TAP process variables, 
heated area and temperature (with standard errors). 
 
9 Typical applied force against cross head displacement response for 
drilled and pierced specimens under compression loading 
 
10 Open-hole compressive strengths of pierced specimens as a 
percentage of drilled specimen strength showing effects of the TAP 
process variables, heated area and temperature (with standard errors). 
 
a Tension; b Compression 
11 DIC measurements of strain as a function of horizontal distance from 
the hole center for drilled and pierced specimens at 50% of their 
respective maximum loads to failure.data measured for drilled and pierced 
specimens at 50% of their respective maximum loads under tension. 
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Table Captions 
1 Relevant standards used for mechanical testing. 
2 Range of TAP variables investigated. 
3 Approximate maximum fiber strain calculated for various diameters of 
heated area. 
4 Summary of how increasing the diameter of the heated area and 
increasing processing temperature when piercing affected the 
microstructural features and open-hole strengths. (Brackets indicate 
the enhanced effect when increasing the processing temperature from 
T to 1.05T). 
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Fig. 18  
 
Tables 
Table 1 
Test method Standard Specimen 
width / 
mm 
Specimen 
length / 
mm 
Gauge 
length / 
mm 
Open-hole tension 
(O-H T) 
ASTM 
D5766/D5766M-11 
36 200 100 
Open-hole 
compression 
(O-H C) 
BS ISO 
12817:2013 
(Method 2) 
36 125 45 
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Table 2  
Specimen 
designation Piercing variables 
Quantity (each 
test) 
 Diameter of 
heated area 
Piercing 
temperature 
Clamping 
pressure  
A1 2D 1.05T P 5 
A2 1.5D 1.05T P 5 
A3 D 1.05T P 5 
T1 2D 1.20T P 5 
T2 2D T P 5 
D1 Drilled 5 
 
Table 3  
Diameter of 
heated area / mm 
Approximated fiber 
strain / % 
60 0.6 
45 1.1 
30 2.4 
 
 
Table 4  
Piercing process 
variable change 
Microstructural 
feature 
Effect on 
feature 
Effect on O-
H T strength 
Effect on O-H 
C strength 
Increasing 
diameter of 
heated area 
Voids and resin rich 
regions 
   
Fiber volume fraction 
   
Fiber fractures 
   
Overall effect … 
  
Increasing 
processing 
temperature 
Voids and resin rich 
regions 
   
Fiber volume fraction 
   
Fiber fractures 
   
Overall effect … 
  
 
 
